The second extracellular loop (EL2) of rhodopsin forms a cap over the binding site of its photoreactive 11-cis retinylidene chromophore. A crucial question has been whether EL2 forms a reversible gate that opens upon activation or acts as a rigid barrier. Distance measurements using solid-state 13 C NMR spectroscopy between the retinal chromophore and the b4 strand of EL2 show that the loop is displaced from the retinal binding site upon activation, and there is a rearrangement in the hydrogen-bonding networks connecting EL2 with the extracellular ends of transmembrane helices H4, H5 and H6. NMR measurements further reveal that structural changes in EL2 are coupled to the motion of helix H5 and breaking of the ionic lock that regulates activation. These results provide a comprehensive view of how retinal isomerization triggers helix motion and activation in this prototypical G protein-coupled receptor.
G protein-coupled receptors (GPCRs) comprise the largest and most diverse superfamily of membrane receptors, with a simple architectural core of seven transmembrane helices (H1 to H7) connected by typically short extracellular and cytoplasmic loops. Sequence variability within the transmembrane helices and extracellular loops allow GPCRs to respond to diverse stimuli, including light and a wide variety of ligands. Small-molecule ligands can bind within the helical core of the receptor, whereas larger peptide and protein ligands bind at the extracellular loops. The second extracellular loop (EL2) in particular has been the target of a number of functional studies indicating that it has an integral role in activation of GPCRs that bind either small molecules or large peptide ligands [1] [2] [3] [4] .
The vertebrate visual pigments are unique in the class A GPCRs in that they are activated by photoreaction of an 11-cis retinylidene chromophore. The retinal is covalently attached via a protonated Schiff base (PSB) within the seven-transmembrane-helix bundle. The crystal structure of rhodopsin indicates that EL2 extends from Trp175 on H4 to Thr198 on H5. The intriguing aspect about the EL2 sequence is that it folds into a highly ordered and stable structure consisting of two short b-strands (b3 and b4) that form a lid over the retinal binding site 5, 6 . EL2 is constrained by a conserved disulfide bond between Cys110 at the end of H3 and Cys187 on b4 that is crucial for the correct folding of rhodopsin 7, 8 . Other than the Cys110-Cys187 disulfide bond, the EL2 sequence is not conserved among the class A GPCRs.
The structure of EL2 in rhodopsin is stabilized by several polar residues that form a well-defined hydrogen-bonded network ( Supplementary Fig. 1a online) . At the center of this network is Glu181 on the b3 strand. Glu181 is hydrogen-bonded to Tyr192 (b4) and Tyr268 (H6) and is connected through water-mediated hydrogen bonds to Ser186 (EL2) and to Glu113 (H3), the counterion to the retinal PSB 6 . Glu113 is hydrogen-bonded to the backbone carbonyl of Cys187 (EL2) through a water molecule and is within hydrogenbonding distance to the hydroxyl group of Thr94 (H2) 6 . The involvement of Glu113 in this stable hydrogen-bonded network is important in raising the pK a of the Schiff base (above 16) 9 and ensuring that it remains protonated in the dark state of rhodopsin 10, 11 . Besides the conserved disulfide bond and the hydrogen-bonding network involving Glu181, there are a striking number of hydrogen-bonding interactions between the b-strands and the ends of the transmembrane helices (for example, Trp175-Ser202, Ser176-Thr198, Arg177-Asp190 and Tyr178-Ala168). Computational studies identified this region as part of a stable folding core of rhodopsin 12 , suggesting that EL2 is important for maintaining a stable, inactive receptor conformation.
In contrast to the role of EL2 as a stable cap, several studies have suggested that EL2 is dynamic and mediates both receptor activity and ligand binding. It has been proposed that in the C5a receptor, EL2 serves as a negative regulator 3 , by a mechanism where the loop inserts between the transmembrane helices to block receptor activity and then is released upon ligand binding. Other work suggested that a short EL2 in the melanocortin receptor, which is unable to insert into the helical transmembrane core, leads to a high level of constitutive activation 13 . In the recent crystal structure of the b2-adrenergic receptor (b2-AR) 14 , EL2 is not closely associated with the ligand binding site. The b2-AR structure, along with the observation that short loops may be correlated with constitutively active GPCRs, raises the question of whether the role of EL2 as a stable cap is unique in rhodopsin because of the crucial requirement that visual pigments must have very low basal activity in the dark.
Here we use 13 C magic angle spinning (MAS) NMR spectroscopy to address the position of EL2 in rhodopsin and in the active metarhodopsin II (meta II) intermediate, and show how motion of EL2 is coupled to motion of transmembrane helix H5 and the insertion of Tyr223 into the region of the 'ionic lock' between H3 and H6. We obtained retinal-protein and protein-protein distance constraints from NMR measurements for rhodopsin and meta II ( Supplementary  Fig. 1b and Supplementary Table 1 online), and we used them to perform restrained molecular dynamic simulations to obtain an atomistic model of meta II. Chemical shift measurements of the conserved Cys110-Cys187 disulfide bond and distance measurements between the retinal chromophore and the b4 strand of EL2 are consistent with motion of EL2 away from the agonist all-trans retinal Schiff base upon receptor activation. Mutational studies on Glu181 (EL2) and Met288 (H7) show that the hydrogen-bonding network on EL2 is coupled to the hydrogen-bonding network centered on H5 involving His211, which in turn leads to rearrangement of the intracellular end of H5 in meta II. Together, these results explain how EL2 is a pivotal element in locking the extracellular ends of H5, H6 and H7 in inactive conformations in the dark and how EL2 motion allows the intracellular ends of these helices to shift into active conformations in the light.
RESULTS
Activation of rhodopsin is initiated by photoisomerization of its retinal chromophore within a tightly packed protein environment. Because the all-trans retinal chromophore in the active meta II intermediate does not fit in the retinal binding site of the dark-state of rhodopsin 15 , conformational changes of a highly strained retinal must induce changes in the structure of the receptor to release the absorbed light energy.
EL2 is displaced from the retinal binding site in meta II
The first indication that the structure or position of EL2 changes in meta II arises from the large chemical shift changes observed for 13 Cb-Ser186, 13 Cb-Cys187 and 13 Ca-Gly188 (Fig. 1a) . The Cys110-Cys187 disulfide bond is the only conserved feature in EL2. Figure 1b presents 13 C dipolar assisted rotational resonance (DARR) NMR spectra of rhodopsin (black) and meta II (red) labeled with 13 Cb-cysteine. The b-carbon resonances in disulfide bonds occur in a unique chemical shift window (34-50 p.p.m.) and are sensitive to the secondary structure with a range of 34-43 p.p.m. for a-helices and 36-50 p.p.m. for b-sheets 16 . Figure 1b shows In addition to the chemical shift changes observed in Cys187, we observed an B1.6-p.p.m. change in the 13 Cb chemical shift of Ser186 and a 2.9-p.p.m. change in the 13 Ca resonance of Gly188 (Supplementary Figs. 2 and 3 online). The 13 Cb-Ser186 chemical shift change may be attributed to a change in the hydrogen-bonding interaction of Ser186 with surrounding residues on EL2 and H3, whereas the 13 Ca-Gly188 chemical shift is likely to be due to changes in backbone torsion angles.
Confirmation of the motion of EL2 away from the retinal binding site in meta II comes from direct distance measurements. The b4 strand of EL2 is aligned almost parallel to the retinal in the binding site, with Cys185 close to the PSB end of the retinal and with Ile189 close to the retinal b-ionone ring. We observed close contact between the retinal 13 C14 and 13 C15 carbons and 13 Cb-Ser186 (Fig. 2a) , between the retinal 13 C12 and 13 C20 carbons and 13 C1-Cys187 (Fig. 2b) , and between the retinal 13 C12 and 13 C20 carbons and 13 Ca-Gly188 in rhodopsin (Fig. 2c) . These contacts are lost in meta II. Moreover, we were not able to observe contacts in rhodopsin or meta II between the retinal 13 C9 and 13 C12 carbons and U-13 C 6 -Ile189 (Fig. 2d) .
As indicated above, in general we found that the distances obtained from NMR measurements on rhodopsin were comparable with the corresponding distances in the rhodopsin crystal structure before converting to meta II. The meta II intermediate that we trapped at low temperature in n-dodecyl-b-D-maltoside (DDM) was present in a single, well-defined state (Methods). We typically observed strong cross-peaks for 13 C-13 C distances of B4.0 Å or less, moderate crosspeaks for distances of up to 5.0 Å and weak cross-peaks for distances of up to 6.0 Å . Consequently, the lack of contacts in meta II indicate that retinal-EL2 distances are on the order of 6.0 Å or more. In rhodopsin, we observed strong contacts between the 13 C1-Cys187 on EL2 and the retinal 13 C12 and 13 C20 carbons (Fig. 2b) . In the rhodopsin crystal structure 6 , Cys187 is 4.21 Å and 6.22 Å from the retinal C12 and C20 carbons, respectively. On conversion to meta II, we lost both retinal contacts with Cys187, consistent with an increase in separation between EL2 and the retinal.
Further support for separation between the retinal and EL2 in meta II comes from (i) the loss of tyrosine-glycine contacts in meta II and (ii) assignment of a cross-peak at 46.5 p.p.m. between the 13 C20 methyl carbon on the retinal and a 13 Ca-glycine residue. There are two tyrosine-glycine contacts that connect EL2 with the extracellular ends of transmembrane helices H3 and H6, namely Tyr268-Gly188 and Tyr178-Gly114. Both contacts are lost in meta II ( Supplementary  Fig. 3 ). There are only two glycines in the binding cavity close to the C20 methyl group: Gly114 on H3 and Gly188 on EL2 (Fig. 3) . In meta II, we assign the C20-glycine cross-peak to Gly114 (H3) based on the presence of this resonance in the two-dimensional DARR spectrum of the G188A mutant of meta II. The assignment of a C20-Gly114 contact in meta II indicates that the C20-Gly188 contact is lost despite the large rotation of the C20 methyl group toward EL2 (Supplementary Figs. 4 and 5 online).
The model in Figure 2 shows the crystal structure of rhodopsin containing the 11-cis (red) retinal PSB tightly packed against EL2. The distances between the C20 methyl group and the 13 C-labeled positions on Gly114, Cys187 and Gly188 are shown. Cross-peaks between the retinal C20 methyl group and each of these amino acids were observed in the dark. We superimposed the position of the all-trans retinal SB (orange) in meta II predicted using restrained molecular dynamic simulations (Supplementary Table 1 ). To satisfy distance constraints derived from our NMR measurements, in the molecular dynamic simulations the retinal shifted slightly toward the cytoplasmic side of the binding site and EL2 moved toward the extracellular surface.
Rearrangement of hydrogen-bonding networks involving EL2-H5
The loss of EL2-retinal contacts in meta II and the changes observed in the chemical shifts for the b4 strand indicate that EL2 changes position upon receptor activation. As a result, the next question to be investigated concerned whether the hydrogen-bonding network involving EL2 remains intact or is disrupted in meta II.
Tyrosine residues are an integral part of the EL2 hydrogenbonding network 6 (Fig. 3) . The 13 Cz resonances of the 18 tyrosines in rhodopsin are not resolved (Fig. 4a, black) . However, the difference spectrum between rhodopsin and meta II highlights the 13 Cz-tyrosine resonances that change upon rhodopsin activation (Fig. 4b) . There are two well-resolved shoulders in the meta II portion of the difference spectrum (Fig. 4b) . The distinct meta II resonance at 153.6 p.p.m. is readily assigned to Tyr206 on H5 on the basis of the loss of a Cz-tyrosine resonance at 153.6 p.p.m. in the meta II component of the Y206F mutant difference spectrum (Fig. 4c) . Additional support for this assignment is provided in Supplementary Figure 6 online. The upfield shift of 13 Cz-Tyr206 resonance is consistent with a weaker Cz-OH hydrogen bond in meta II.
The downfield resonance at 159.3 p.p.m. is reflective of a more strongly hydrogen-bonded tyrosine 17 . Both tyrosines with unusual chemical shifts must be coupled to the hydrogen-bonding network involving Glu181 on EL2, because both resonances were lost in the Figure 2 Two-dimensional 13 C DARR NMR spectra of retinal-EL2 interactions. Rows from the two-dimensional 13 13 Caglycine and 13 C12,20-retinal. Cross-peaks are observed between Gly188 (42.0 p.p.m.) and the 13 C12 and 13 C20 resonances in dark rhodopsin, which are lost (arrows) in meta II. However, a new Gly-C20 contact is observed in meta II, which is assigned to Gly114 (see text). (d) Rhodopsin labeled with U-13 C 6 -isoleucine and 13 C9-retinal. No contacts were observed between Ile189 and C9 on the polyene chain of the retinal in either rhodopsin (black arrows) or meta II (red arrows). The structure of EL2 in rhodopsin is shown (center), indicating the contacts observed between the C20 methyl group and Cys187, Gly188 and Gly114 in rhodopsin. To illustrate the displacement of EL2 that is needed to satisfy the NMR constraints, we have superimposed the rhodopsin crystal structure (gray) with the meta II model (orange) obtained from molecular dynamic simulations guided by our experimentally determined retinal-protein contacts. Figure 3 A view of the extracellular side of rhodopsin from the crystal structure 6 . The figure highlights the relative position of six tyrosine residues: Tyr10, Tyr178, Tyr191, Tyr192, Tyr206 and Tyr268. Of these tyrosines, Tyr191, Tyr192 and Tyr268 are involved in the hydrogen-bonding network with Glu181. Tyr268 and Tyr191 are also in close contact with Met288 on H7. Tyr206 on H5 is involved in a second hydrogen-bonding network with His211 (H5), Glu122 (H3), Trp126 (H3) and Ala166 (H4) (not shown). Additionally, the figure shows tyrosine-glycine interactions on the extracellular side of rhodopsin between Gly188-Tyr268, Gly3-Tyr10-Gly280 and Gly114-Tyr178.
tyrosine difference spectrum of the E181Q mutant (Fig. 4d) . There is no evidence for a tyrosinate anion 18 , which would have shown a chemical shift closer to 165 p.p.m. 17 .
To assign the tyrosine resonance at 159.3 p.p.m. in meta II, we collected difference spectra for a series of rhodopsin mutants (Y268F, Y192F, Y191F and Y178F) in which tyrosine residues in the retinal binding cavity near Glu181 were mutated individually to phenylalanine ( Fig. 4e-h) . None of the 13 Cz-tyrosine difference spectra shows a complete loss of the negative peak at 159.3 p.p.m., except for the Y268F mutant spectrum, in which the negative peak at 159.3 p.p.m. seems to shift to 157.5 p.p.m. We are not able to assign the 159.3-p.p.m. resonance to Tyr268 because of the appearance of a positive peak at 159.3 p.p.m. in the dark spectrum of the Y268F mutant, which suggests that mutation of Tyr268 causes another tyrosine in the vicinity to become more strongly hydrogen-bonded. In the difference spectrum of the Y191F mutant, the negative peak at B159 p.p.m. is split into two components as compared to the wild-type difference spectrum.
The loss of the 159.3-p.p.m. resonance in the E181Q mutant and its sensitivity to mutation of Tyr268 and Tyr191 strongly suggest an assignment to one of the tyrosines associated with EL2. This assignment is supported by two-dimensional DARR data obtained on rhodopsin labeled with 13 Cz-tyrosine and 13 Ce-methionine. In the rhodopsin crystal structure (PDB 1U19), there are five Met( 13 Ce)-Tyr( 13 Cz) pairs (Met288-Tyr268, 3.9 Å ; Met207-Tyr191, 4.8 Å ; Met288-Tyr191, 5.2 Å ; Met253-Tyr306, 5.5 Å ; Met288-Tyr192, 5.7 Å ). In Figure 5a , we observe two cross-peaks between tyrosine and methionine that we assign to the closest methionine-tyrosine pairs (that is, Met288-Tyr268 and Met207-Tyr191). Conversion to meta II generated a cross-peak between the tyrosine resonance at 159.3 p.p.m. and a methionine resonance at 12.8 p.p.m. We can assign this methionine to Met288 on H7 based on the loss of this cross-peak in the M288L mutant (Fig. 5b, orange) .
The M288L data along with the tyrosine difference spectra above indicate that the 159.3-p.p.m. resonance belongs to either Tyr191 or Tyr268 in meta II. We assume that the strong hydrogen-bonding interaction for a tyrosine at 159.3 p.p.m. is due to its interaction with Glu181 and that the appearance of a resonance at 159.3 p.p.m. in the Y268F rhodopsin spectrum and in the Y191F meta II spectrum occurs because these mutations lead to the rearrangement of the EL2 hydrogen-bonding network. We assign the 159.3-p.p.m. resonance in meta II to Tyr191, because we observe a cross-peak at 156.5 p.p.m. between a tyrosine and the retinal C20 methyl group 19 13 Cztyrosine diagonal resonance from two-dimensional DARR NMR spectra of rhodopsin (black) and the M288L rhodopsin mutant (orange) labeled with 13 Cz-tyrosine and 13 Ce-methionine. Asterisks correspond to MAS side bands. (b) Rows through the 13 Ce-Met diagonal resonance from two-dimensional DARR NMR spectra of wild-type meta II (WT, black) and the M288L rhodopsin mutant (orange) following conversion to meta II. (c) Rows through the 13 Ce-methionine diagonal resonance of rhodopsin (black) and the M288L rhodopsin mutant (orange) showing the cross-peaks to the retinal 13 C6 and 13 C7 resonances. (d) Same as in c following conversion to meta II. In the M288L mutant of rhodopsin, we observe a contact between Met207 and C6 that is not present in wild-type rhodopsin. This change in the Met207-retinal contact in the M288L mutant of rhodopsin can be interpreted as either a change in the position of the retinal or in the position of Met207 on H5 upon mutation of Met288 (H7) to leucine. Upon activation, the Met207-retinal interactions in the M288L mutant are identical to those in wild-type meta II. (e) A view of the ionic lock between Arg135 and Glu247 from the crystal structure of rhodopsin 20 . The Tyr223-Met257 distance is well beyond the range of the DARR NMR experiment. (f) Structure of the ionic lock from the recent crystal structure of opsin 21, 22 showing the close proximity between Tyr223 and Met257.
to Tyr268. The C20 methyl group is closer to Tyr268 (4.2 Å ) than to Tyr191 (8.0 Å ) in rhodopsin, and we expect that motion of EL2 away from the retinal would only increase the 13 C20-Tyr191( 13 Cz) distance. Together, these data argue that Tyr191 becomes more strongly hydrogen-bonded in meta II and that the hydrogen-bonding network involving the tyrosines and Glu181 on EL2 remains intact.
Coupling of EL2 displacement to rotation of helix H5
The data presented above on the E181Q and M288L mutants and in Supplementary Figure 3 on the Y206F mutant suggest that lightinduced structural changes in EL2 are strongly coupled to the hydrogen-bonding network centered on H5. First, in the E181Q mutant (Fig. 4d ) the resonance at 153.6 p.p.m. assigned to Tyr206 (H5) is lost. Second, in the M288L (H7) mutant a contact is gained between the e-CH 3 group of Met207 (H5) and the retinal C6 carbon (Fig. 5c) . Third, in the Y206F (H5) mutant a tyrosine-glycine contact is lost that is likely to involve Tyr10 or Tyr29 on the extracellular loops of rhodopsin, as there are no glycines in the vicinity of Tyr206.
We propose that the functional unit is the EL2-H5 sequence. The crystal structure of rhodopsin shows that the b-strands in EL2 are extensively knit together by hydrogen-bonding interactions that extend to Tyr268 on H6 and Glu113 on H3 (refs. 6,20) . If the motion of EL2 is coupled to the motion of H5, then the Pro170-Pro171 sequence at the H4-b3 boundary may serve as a hinge, leading to observable changes in the hydrogen-bonding interactions that link b3 to H4 and H4 to H5. We observe that many of the hydrogen-bonding contacts involving the extracellular ends of H4 and H5 change in meta II (Supplementary Fig. 1a) .
We have previously shown that H5 undergoes a change in orientation in the region of His211 (Supplementary Fig. 6 ). Figure 5e ,f shows how rotation of H5 leads to disruption of the ionic lock between H3 and H6. In the dark state of rhodopsin (Fig. 5e) , Arg135 of the conserved ERY sequence on H3 interacts with Glu247 (H6). In the recent structure of opsin ( Fig. 5f ) with 21 and without 22 the Ga peptide bound, H5 is rotated and Tyr223 (a residue that is highly conserved across the GPCR family) interacts directly with Arg135 and Met257 on H6. The Tyr223-Arg135 interaction is thought to be one element in breaking the ionic lock and stabilizing the active conformation of rhodopsin. Figure 5b shows a new tyrosine-methionine contact in meta II that we can assign to the Tyr223-Met257 interaction, consistent with the proposal that this active-state geometry is maintained in the opsin structure 22 . Notably, mutation of Tyr223 to phenylalanine results in an appreciable increase in the decay rate of meta II to opsin ( Supplementary Fig. 7 online), in agreement with the idea that the Tyr223-Arg135 interaction stabilizes the active conformation of the receptor. These results indicate that there are two crucial H3-H5 interactions that hold helix H5 in an active geometry: Glu122-His211 (refs. 23, 24) and Arg135-Tyr223 (refs. 21, 22) . The model of activation that emerges from these studies is one where steric contacts between the retinal b-ionone ring with H5 and the retinal C19 methyl group with EL2 shift the EL2-H5 sequence into an active geometry stabilized by H3-H5 contacts; retinals lacking either the ring 25 or the C19 methyl group 26 fail to activate rhodopsin, and mutation of Tyr223 to phenylalanine leads to rapid meta II decay. DISCUSSION EL2 controls access to the retinal binding site The main conclusion from our studies is that EL2 changes position upon activation and that this change is coupled to motion of transmembrane helix H5. We have recently defined the location of the retinal chromophore in meta II (S.A., E. Crocker, M.E., P.J.R., M.S. and S.O.S., unpublished data), and our current measurements between the b4 strand and the retinal indicate that there must be an increase in the separation between the retinal and EL2 upon activation. The hydrogen-bonding network involving Glu181 seems to remain intact in meta II, and consequently the displacement of EL2 does not seem to be large.
Our observations can be compared with the crystal structures of opsin 22 and a 'photoactivated' (deprotonated) intermediate of rhodopsin 27 . In these structures, EL2 does not seem to have moved to any appreciable extent. The differences between meta II and opsin suggest that the all-trans retinal Schiff base holds EL2 in an active conformation in meta II. Release of the retinal to form opsin allows the bindingsite residues to rearrange and EL2 to shift back to roughly its position in rhodopsin.
The displacement of EL2 away from the retinal that we observed is consistent with studies showing that the retinal binding site becomes more accessible to water and hydroxylamine in meta II 28, 29 . Mutation of many of the residues in the hydrogen-bonding network involving EL2, such as Glu181 (ref. 30 ) and Tyr192 (ref. 31) , results in increased accessibility of the retinal PSB to hydroxylamine in the dark. Also, the appearance of an N-D amide A vibration at 2,366 cm À1 in meta II has been attributed to hydrogen-deuterium exchange that occurs following the exposure of the EL2 b-hairpin to water in the meta I-tometa II transition 32 . Notably, neither disruption of the Cys110-Cys187 disulfide bond by mutation to alanine nor disruption of the salt bridge between Arg177 and Asp190 on EL2 increases hydroxylamine accessibility 33, 34 , suggesting that the hydrogen-bonding network involving Glu181 is alone sufficient to keep EL2 tightly capped over the retinal binding site. In a parallel fashion, EL2 may serve to control the access of smallmolecule ligands to interior binding sites within the ligand-activated GPCRs. For example, alanine-scanning mutagenesis of the M1 muscarinic acetylcholine receptor revealed that the access of ligands to the binding site was increased by mutation of EL2 residues 35 . Furthermore, substituted-cysteine accessibility studies of the dopamine D2 receptor showed that the extracellular part of H5 is accessible to hydrophilic reagents 36 . Finally, the recent crystal structure of b2AR with a bound partial inverse agonist 14 shows that EL2 does not cap the amine binding site, as occurs in rhodopsin. Taken together, the studies on GPCRs activated by small-molecule ligands suggest that there is a dynamic role of EL2 in allowing water and ligands to enter the interior binding sites.
EL2 as a negative regulator in GPCR activation
Several studies have suggested that EL2 serves a role as a negative regulator in the class A GPCRs. The simple idea is that EL2 has multiple interactions with the extracellular ends of the transmembrane helices in the inactive state and that displacement of EL2 upon ligand binding allows H5, H6 and H7 to adopt active conformations. For example, one report showed that a high degree of constitutive activity is associated with the mutation of residues in EL2 of the C5a receptor 3 . The authors proposed that mutation of EL2 increases the flexibility of the loop and releases inhibitory constraints. The high degree of basal activity in the melanocortin receptor, which has a short EL2 and lacks the conserved disulfide bond, was explained by a related mechanism 13 . Finally, cross-linking in the putative ligand binding site 37, 38 and metal binding sites 39 in the vicinity of EL2 modulate receptor activity. These modifications were designed to mimic the movement of the transmembrane helices, and for this to occur, EL2 was envisioned to change conformation or position.
In rhodopsin, EL2 has also been implicated as a negative regulator of receptor activity. Mutation of Tyr191 and Tyr192 to leucine decreases the stability of the binding pocket, leading to faster meta II decay rates 40 , and mutation of Ser186 to alanine and Glu181 to phenylalanine strongly perturbs the kinetics of rhodopsin activation 41 . However, none of the EL2 mutants tested in rhodopsin shows constitutive activity. This may be due to the presence of additional regulatory elements, such as the interaction between the retinal PSB and its Glu113 counterion and the tight packing between the 11-cis retinal and conserved Trp265 (H6), which all contribute to low dark noise in rhodopsin.
EL2-H5 as a structural unit in GPCRs
One of the challenges in understanding the mechanism of GPCR activation is to establish how retinal isomerization 42, 43 or ligand binding 39, 44 produces rigid-body motion of the transmembrane helices. Our results suggest that the motion of EL2 is coupled to the motion of H5 and breaking of the ionic lock.
Tight coupling between EL2 and H5 is supported in studies on ligand-activated GPCRs [45] [46] [47] [48] . One study addressed the coupling of EL2 and H5 by replacing the EL2-H5 sequence from the 5HT 1D serotonin receptor with the corresponding sequence from the 5HT 1B serotonin receptor 46 . The authors found that it was necessary to replace the entire EL2-H5 sequence to recover antagonist binding; replacing either the EL2 or H5 sequence alone markedly decreased binding. Also, the idea that EL2 is a structured unit is reflected in gonadotrophinreleasing hormone receptor studies showing that exchange of the entire EL2 from another species had less effect on ligand binding affinity than point mutations of EL2 within a species 48 . Figure 6 highlights the helix-loop-helix (HLH) segments involving EL2 and EL3. Motion of EL2 away from the retinal binding site is coupled to the outward displacement of the extracellular end of H5 and the inward displacement and rotation of the intracellular end of H5 (refs. 21,22) . The outward displacement of H5 is driven by steric interaction with the retinal b-ionone ring and is stabilized by a direct Glu122-His211 interaction. Motion of EL2 may allow the extracellular end of the H6-EL3-H7 segment to pivot toward the center of the protein and conversely allow the intracellular end of H6 to rotate outward 42, 49 . Inward motions of the extracellular ends of H6 and H7 are captured in the global toggle switch model of GPCR activation 39 .
Additionally, Figure 6 shows the positions of key tryptophan residues in rhodopsin, Trp265 (H6) and Trp175 (H4). Trp265 is conserved throughout the class A GPCRs and is an important element of the activation mechanism of rhodopsin 50 . Trp175 is located at the junction of EL2 with H4 and H5. In rhodopsin, the W175F mutation is one of the only mutations in the H4-EL2-H5 segment that leads to constitutive activity 51 . The fact that this tryptophan residue is highly conserved in the visual receptors, but not in other class A GPCRs, suggests that the H4-EL2-H5 sequence up to Pro215 is specific to different subfamilies of class A GPCRs.
In conclusion, the structural constraints described above provide insights into how EL2 and its extensive hydrogen-bonding interactions are involved in coupling retinal isomerization to the activation of rhodopsin. The subfamily-specific H4-EL2-H5 unit in rhodopsin holds H5 and the extracellular ends of H6 and H7 in inactive conformations. Retinal isomerization and displacement of EL2 from the retinal binding site are coupled to motion of H5 and to the inward motion of the H6-EL3-H7 unit. Similar motions are likely to occur in other GPCRs 39, 52 , suggesting that EL2 may act as a plug or cork that must be released or rearranged for receptor activation.
METHODS
Expression and purification of 13 C-labeled rhodopsin. We used a stable tetracycline-inducible HEK293S cell line 53 containing the bovine opsin gene or its mutants 54 to express rhodopsin. The cells were grown in DMEM 55 prepared from cell culture-tested components (Sigma). Suspension cultures were grown using a bioreactor in medium with specific 13 C-labeled amino acids (Cambridge Isotope Laboratories), heat-inactivated FBS (10% (v/v), dialyzed three times against 20 liters PBS per liter of serum) 56 , 0.1% (w/v) Pluronic F-68, 300 mg l -1 dextran sulfate, 100 units ml -1 penicillin and 100 mg ml -1 streptomycin. On day 4 after incubation, cells were fed with 2.4 g l À1 glucose. Opsin gene expression was induced 5 d after inoculation by addition of both 2 mg l À1 tetracycline and 5 mM sodium butyrate (final concentration) to the growth medium 53 , and cells were harvested on day 7.
We resuspended the HEK293S cell pellets in 40 ml PBS per liter of cell culture plus protease inhibitors 54 and added unlabeled 11-cis retinal in two steps to a final concentration of 15 mM. The rhodopsin-containing cells were solubilized in 40 ml of PBS plus 1% (w/v) DDM per liter of cell culture for 4 h at room temperature (22-25 1C) . We carried out subsequent purification by immunoaffinity chromatography using the rho-1D4 antibody (National Cell Culture Center) as described previously 54 . The eluted rhodopsin fractions were pooled and concentrated to a final volume of B400 ml using 10-kDa MWCO Centricon devices (Amicon).
Synthesis of 13 C-labeled retinals and regeneration into rhodopsin. We synthesized specific 13 C-labeled retinals by previously described methods 57, 58 and purified them using HPLC as previously described 50 .
We carried out regeneration of the rhodopsin pigments with 13 C-labeled retinal in DDM micelles by illuminating the concentrated samples containing a 2:1 molar ratio of labeled retinal to protein, as described previously 19 . Typically, more than 85% of the sample was regenerated with labeled retinal. Different regeneration rates were observed for wild-type and mutant opsins. A stream of argon gas was used to evaporate the regenerated sample down to a volume of 60 ml.
Solid-state NMR spectroscopy. Concentrated samples (7-10 mg) were loaded into 4-mm MAS zirconia rotors. All NMR spectra were acquired at a static magnetic field strength of 14.1 T (600 MHz) on a Bruker AVANCE spectrometer using double-channel 4 mm MAS probes, as described previously 50 . Typically, we used MAS spinning rates of 8-12 kHz. One-dimensional 13 C spectra were acquired using ramped amplitude cross-polarization, with contact times of 2 ms and acquisition times on the order of 16 ms for all experiments. Intermolecular 13 C-13 C distance constraints on rhodopsin in the inactive and the active state were obtained using the DARR recoupling technique with a mixing time of 600 ms to maximize homonuclear recoupling between different 13 C labels. The 1 H radiofrequency field strength during mixing was matched to the MAS speed for each sample, satisfying the n ¼ 1 matching condition. Two-pulse phase-modulated or SPINAL64 proton decoupling was typically used during the evolution and acquisition periods, with a radiofrequency field strength of 80-90 kHz. In each two-dimensional data set, we acquired 1,024 time domain points in the f2 (direct) dimension and 64 points in the f1 (indirect) dimension. All experiments were conducted at À80 1C. 13 C spectra were referenced externally to the carbonyl resonance of powdered glycine at 176.46 p.p.m. relative to neat TMS at 0.0 p.p.m.
Trapping of the metarhodopsin II intermediate. Samples were illuminated for 45-60 s at room temperature in the NMR rotor using a 400-W lamp with a 4495-nm cutoff filter and immediately placed in the NMR probe with the probe stator warmed to 5 1C. Under slow spinning (B2 kHz), the sample was frozen within 3 min of illumination using nitrogen gas cooled to À80 1C. To confirm that meta II conversion was complete and stably trapped, we monitored the chemical shift changes of the 13 C-labeled carbons of the polyene chain of the retinal, as they are sensitive to both protonation and isomerization. The linewidths of the resolved protein and retinal NMR resonances were generally between 1 p.p.m. and 2 p.p.m. in both rhodopsin and meta II. The absence of line broadening or resonance splitting indicates that a spectroscopically well-defined meta II state has been trapped. The time between illumination and freezing of the sample was approximately 3 min, indicating that the proton uptake in our sample was complete; the intermediate we trapped is functionally equivalent to meta II in rod outer segment (ROS) membranes, as it can activate transducin 59 . Also, it has been shown that the vibrational frequencies observed in the Fourier transform infrared (FTIR) difference spectrum of meta II minus rhodopsin are identical for rhodopsin in DDM or ROS membranes 60 .
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
